Background: Age-related neuromuscular changes in the hip abductor-adductor muscles lead to reduced performance, especially in the rate of force development and power production. These alterations may impair weight transfer control and lateral balance recovery through protective stepping. This study compared the effects of eight weeks of low-dose hip abductor-adductor power and strength training on the performance of isometric maximal voluntary contractions, and lateral balance recovery at different initial weight-bearing conditions in older individuals. Methods: Eighteen healthy older adults (71.3 (0.9) years) underwent eight weeks of low-dose hip abductoradductor exercise training involving either power training (n = 10) or lower velocity strength training (n = 8). Outcomes were assessed for hip abductor-adductor isometric maximal voluntary contractions and lateral waistpull balance perturbations with three initial stepping limb-load conditions (50%, 65%, or 80% body mass). Findings: Power training increased isometric maximal voluntary contractions abductor-adductor peak torque (14%-18%, p < 0.05), rate of torque development (31%-39%, p < 0.05) and rate of neuromuscular activation (37%-81%, p < 0.05). During lateral balance recovery, power training increased the incidence of stabilizing single lateral steps at 80% body mass pre-load (by 43%, p < 0.05), reduced step lift-off time by 27 ms at 50% body mass (p < 0.05) and decreased downward momentum of the body center of mass at 80% body mass (32%, p < 0.05). Power training also increased in task hip abductor net joint torque (49%-61%, p < 0.05), power (21%-54%, p < 0.05), and abductor-adductor rate of neuromuscular activation (17%-62%, p < 0.05). Interpretation: Low-dose hip abductor-adductor power training was more effective than strength training at eliciting improvements in maximal neuromuscular performance and enhanced medio-lateral balance recovery.
Introduction
Normal aging is accompanied by an array of changes that occur in the nervous and musculoskeletal systems that lead to a decline in balance and mobility functions and precipitate falls. Age-related neuromuscular deficits include a decrease in the neural activation of muscles (Aagaard et al., 2010; Kanda et al., 1996; Kido et al., 2004; McNeil et al., 2005) and selective denervation of type IIa muscle fibers which are responsible for high force and rapid speed of contraction (Campbell et al., 1973; Lexell and Downham, 1991; Tam and Gordon, 2003) , together with increased adipose tissue infiltration and reduced quality of muscle fibers (Marcus et al., 2010; Marcus et al., 2012; Ryan and Nicklas, 1999) . Consequently, neuromuscular performance becomes impaired, particularly in the maximum rate of force development (RFD) and rate of neuromuscular activation (RActv) required for the generation of muscular power (Aagaard et al., 2002; Aagaard and Andersen, 1998; Clark et al., 2013; Kallman et al., 1990; Metter et al., 1997; Thompson et al., 2014) . Although these aging changes generally affect the musculoskeletal system, the degree of decline may not be equivalent for all muscles. For example, compared to other muscles of the lower limbs, the gluteal musculature may be particularly susceptible to age-related alterations in muscle composition and performance (Hilliard et al., 2008; Inacio et al., 2014) . Considering that hip abductor-adductor (AB-AD) muscles play a fundamental role in controlling body center of mass (CoM) motion in the medio-lateral (M-L) direction during standing, stepping, and walking (Addison et al., 2014; Mille et al., 2013; Porto et al., 2018; Robinovitch et al., 2013; Rogers and Mille, 2003) , reduced AB-AD power generation may limit M-L balance and mobility functions that often require rapid, forceful, and controlled movements, such as protective steps in response to an https://doi.org/10.1016/j.clinbiomech.2018.10.018 Received 11 June 2018; Accepted 12 October 2018 unexpected balance perturbation.
In response to external postural perturbations, movements of the limbs such as stepping and reaching to grasp stable surfaces are normally pervasive balance stabilizing actions for protection against falls (Lattimer et al., 2018; Mille et al., 2013; Moon and Sosnoff, 2017; Robinovitch et al., 2013) . Moreover, successfully stepping sideways to recover balance is especially problematic for many older people with lateral instability (Mille et al., 2013) , and may be attributable to a reduction in hip AB-AD muscle power generation, especially during the pre-step lateral weight transfer phase. This possibility may, at least in part, explain the increased use of multiple balance recovery steps and less stable M-L stepping strategies (e.g. crossover steps with inter-limb collisions) with older age and increased fall risk (Bair et al., 2016; Maki et al., 2000; Mille et al., 2013) .
To counteract aging impairments in neuromuscular performance linked with balance and mobility deficits and falls, muscle strength training has been used as a fall prevention intervention strategy. Commonly, through a series of exercises and somewhat lengthy training sessions, this form of resistance exercise training is able to improve, to a certain extent, muscle strength, rate of force development, neuromuscular activation patterns and functional performance in older adults (Aagaard et al., 2002; Kanda et al., 1996; Lopes et al., 2016; RamirezCampillo et al., 2014; Suetta et al., 2004) . However, strength training has generally been only modestly successful in improving balance and reducing fall risk (17-36% effective) (Ishigaki et al., 2014; Sherrington et al., 2008) . It is conceivable that this limited effectiveness can be due to the lack of emphasis on rapid force production that is characteristic of power training and important for weight transfer during protective stepping (Reid and Fielding, 2012) . Moreover, muscle power has been shown to be better associated with functional independence and balance ability than muscle strength (Foldvari et al., 2000; Han and Yang, 2015; McNeil et al., 2007) .
Recently, muscle power training has received increasing attention as a safe and effective alternative to strength training. While broadly similar to the existing strength training interventions in dosage and duration, power training improves muscular strength by emphasizing maximum speed of execution, but with greater improvements in muscular power, rate of neuromuscular activation and force development, and functional performance (Bottaro et al., 2007; Hurst et al., 2018; Lopes et al., 2016; Nogueira et al., 2009; Reid et al., 2008; Sayers and Gibson, 2010) . Furthermore, power training can increase muscle size and the number of type IIa myofibers, and enhance neuromuscular activation (Hakkinen et al., 1998; Hakkinen et al., 2002) . Intuitively, one might expect that power training-induced improvements in neuromuscular performance could be beneficial for balance stability involving rapid and forceful postural actions such as weight transfer and limb movements during M-L protective stepping. However, investigations of the effectiveness of training muscle power for improving balance ability and preventing falls have generally been sparse (Cadore et al., 2014; Orr et al., 2006; Pamukoff et al., 2014) . While it has been suggested that a minimal-dose approach to resistance training may result in physiological and performance improvements (Fisher et al., 2017) , it is unknown whether M-L balance control through protective stepping can be enhanced through a low dosage of power training involving the hip AB-AD musculature.
To further address these issues, this study compared the effects of low-dose hip AB-AD strength and power training in community living older adults on: 1) the neuromuscular and mechanical performance during maximum voluntary isometric muscle contractions (IMVCs); and on 2) waist-pull induced lateral stepping at different initial limb preload conditions affecting weight transfer function and stepping. It was hypothesized that, compared with strength training, older individuals who performed hip power training would demonstrate greater improvements in AB-AD neuromuscular and mechanical performance, and a greater incidence of successful single lateral protective steps.
Methods

Participants
This study adopted a non-blinded randomized controlled trial design and based on the effect size (Cohen's D) from similar work and unpublished data from our laboratory. To achieve a statistical power of at least 80%, each group would require approximately 8 participants. Hence, eighteen generally healthy older individuals were recruited from the Baltimore/Washington metropolitan area and randomly assigned to either a hip strength training group (ST, n = 8 (3 males), 71.6 (1.7) years) or a hip power training group (PT, n = 10 (5 males), 72.1 (1.3) years) ( Table 1 ). Participants were recruited using an established recruitment registry, through advertisements, or by referral. After an initial phone screen, inclusion in the study was determined following a medical evaluation performed by a physician geriatrician. Exclusion criteria included the following: 1) cognitive impairment (Folstein Mini Mental Score Exam < 24); 2) sedative use; 3) non-ambulatory; 4) any clinically significant functional impairment related to musculoskeletal, neurological, cardiopulmonary, metabolic, or other general medical problem; 6) Centers for Epidemiological Studies Depression Survey score > 16; 7) BMI over 35; and 8) history of seizures or neurosurgery. All subjects provided written informed consent that was approved by the research ethics committee from the Institutional Review Board of University of Maryland, Baltimore and the Baltimore Veteran's Administration Research and Development prior to participation.
Muscle strength and power training protocol
The exercise intervention was preceded by a baseline testing session and followed by an identical post-training testing session. Strength training (ST) and power training (PT) groups performed a single hip AB and AD exercise while standing, using a pneumatic cable resistance Functional Trainer machine (KEISER, Fresno, CA, USA). Adapted from previously established protocols (Caserotti et al., 2008; Pamukoff et al., 2014) , each protocol was performed for three sets of 10 repetitions, thrice-weekly, for eight weeks. Typically, each training session was very brief and lasted approximately 15 min. The resistance level was set at 75% of the subject's one maximal repetition (1RM) that was assessed at the first training session and reassessed every other week to maintain the resistance load at a progressively challenging level. While the ST group performed each repetition at a slower speed of approximately 2 s concentric and 3 s eccentric phases of action, the PT group was instructed to perform every repetition at their maximum speed of execution.
Data collection
The isometric maximal voluntary contraction (IMVC) protocol consisted of three sets of 5 s each of bilateral hip AB-AD maximum isometric contractions performed as fast as possible on an isokinetic dynamometer (BIODEX, Shirley, NY, USA) for 5 s, with 90s of rest between sets. The hip was positioned at 30°of hip AB while standing in a customized stabilization frame (Johnson et al., 2004) .
For the stepping protocol, participants performed an initial "balance Data presented as Mean (SEM).
tolerance limit" (BTL) assessment (Yungher et al., 2012) , followed by induced lateral stepping trials at different initial stepping limb pre-load conditions. The lateral balance perturbations were applied via a motorized waist-pull system attached to a waist-belt previously described in detail (Pidcoe and Rogers, 1998) . Participants wore a safety harness to protect them against falling (Pidcoe and Rogers, 1998) . The BTL assessment was performed to assess the lowest waist-pull intensity that resulted in more than one induced step on average (Yungher et al., 2012) . It consisted of forty randomly applied waistpulls (5 trials × 2 sides × 4 pulling magnitudes), where participants were instructed to "react naturally and prevent themselves from falling".
The induced stepping trials consisted of thirty randomly applied lateral waist-pulls to the side of the limb where the weight had been transferred initially (limb pre-load) (5 trials × 2 sides × 3 initial limb pre-load conditions). To minimize anticipation and postural adaptation, 12 additional catch trials (2 trials × 2 sides × 3 loading conditions) were delivered to the opposite side of the pre-loaded limb. Participants used online visual feedback from the force platforms to laterally transfer their weight to match 50%, 65%, or 80% of their body mass. Individuals were instructed to recover their balance using a single lateral step. The lateral balance perturbations occurred when the target body mass distribution was maintained for at least 50 ms and were applied at one magnitude level above the previously determined BTL to increase the probability of inducing steps.
Kinetic data were recorded with two force platforms (AMTI, Watertown, MA, USA) at a collection frequency of 600 Hz, and full body kinematic data were recorded via a motion capture system at 120 Hz (VICON, Los Angeles, CA, USA). Reflective markers were placed bilaterally on the foot (first metatarsal, hallux, fifth metatarsal and calcaneus), ankle (lateral and medial malleoli), knee (lateral and medial femoral condyles), hip (greater trochanter of the femur, PSIS and ASIS), shoulders (acromions) and head (midpoint and center of parietal bones and most lateral point of temporal bones). Thus, a seven-segment model was created (bilateral foot, shank, thigh and HAT (head + arms + trunk)).
Surface electromyographic (EMG) (NORAXON, Scottsdale, AZ, USA) recordings of muscle activation patterns were collected during the hip AB-AD IMVC assessment and during the induced lateral stepping trials at a frequency of 1500 Hz. The EMG electrodes were placed in accordance with established guidelines over the gluteus medius (Gmed), tensor fasciae latae (TFL), and adductor magnus (ADD) (De Luca, 1997; Hermens et al., 2000) (Fig. 1) . Kinetic, kinematic and EMG data collection onset was synchronized through an external trigger.
Data analysis
For the IMVC task, the rate of torque development (RTD) was calculated as the initial slope of the of torque-time curve by the following equation:
where, ΔT -change in torque; Δt -change in time.
Peak torque was normalized to each individual's height · weight. All data analyses for the induced lateral stepping task targeted the weight transfer phase by focusing in the interval from the onset of lateral weight transfer to the instant of step lift-off. Weight transfer onset was defined as the instant where the vertical ground reaction force of the stepping foot was at least 3SD above the initial 100 ms for each trial. Lift-off was defined as the instant where the stepping foot's vertical ground reaction force equaled zero.
Kinetic and kinematic data were low-pass filtered at 16.5 Hz to provide improved results in inverse dynamics computations (van den Bogert and de Koning, 1996) . Rate of force development (RFD) was calculated as the slope of the stepping foot's vertical ground reaction force from the onset of the weight transfer to the peak vertical force before lift-off, i.e. like that used for determining the RTD. Net hip AB-AD torque and power estimations were calculated using inverse dynamics derived from Newton-Euler equations of motion for determining net inter-segmental joint reaction forces and torques using a bottom-up approach where the ground reaction forces function as input of kinetic data to the first segment in the chain (foot) (Enoka, 2002; Winter, 1992) . Torque and power estimates were normalized to each individual's height · weight.
Body center of mass (CoM) momentum in the frontal plane was calculated by multiplying each individual's mass with the CoM's lateral velocity. Vertical CoM momentum was similarly calculated.
The raw EMG signals from each muscle were band-pass filtered (25-1000 Hz), full-wave rectified, and low-pass filtered (6 Hz butterworth, 4th order) for smoothing purposes. Rate of neuromuscular activation (RActv) was defined as the initial slope of the EMG amplitude during phasic activation (Clark et al., 2013) and calculated similarly to RTD and RFD.
Statistical analyses
The Shapiro-Wilk test was used to assess normality for the incidence of single lateral steps. A paired samples t-test was carried out for withingroup comparisons of the incidence of lateral steps between pre and post training. Pre-post, within-group training differences for the IMVC Fig. 1 . Vertical ground reaction force (Fz) and electromyography signals from the tensor fasciae latae (TFL), gluteus medius (Gmed) and adductor magnus (ADD), for the stance and the stepping limb during a representative induced lateral stepping trial. and induced lateral stepping performance variables were determined with a linear mixed-effects model where the baseline and post-training tests (within groups) were fixed factors and the participants were random factors (SPSS v22, IBM, Armonk, NY). Significance level for all tests was set at p < 0.05.
Results
Hip AB-AD Isometric Maximal Voluntary Contractions (IMVC)
Overall, the low dosage approach to hip AB-AD power training used in this study resulted in greater improvements than strength training during the IMVC task. Specifically, hip AB (14%) and AD (18%) peak torque increased significantly (p < 0.05, Fig. 2A) . No significant effects due to strength training were found for the same performance variables ( Fig. 2A) . Hip AB (39%) and AD (31%) IMVC rate of torque development also improved significantly for PT (p < 0.05) but not ST (Fig. 2B) . Rate of neuromuscular activation of the TFL and ADD were significantly greater after PT (81% and 52% respectively, p < 0.05, Fig. 2C ). The improvements with PT in Gmed RActv were marginally significant (37%, p = 0.057, Fig. 2C ). ST did not result in any significant changes in RActv from pre-training (Fig. 2C) .
Induced lateral stepping
Power training was also beneficial for recovering balance during the lateral induced stepping task. While the incidence of single lateral steps was not affected by ST in any pre-load condition (p > 0.05), PT significantly increased the incidence of single lateral recovery steps by 43% in the 80% pre-load condition (p < 0.05) and showed a trend for significance at the 65% BM (p = 0.066) and 50% BM (p = 0.093) conditions (Table 2) .
The lift-off time of the stepping foot during the 50% BM condition was reduced by 27 ms (0.499 (0.010) s vs 0.472 (0.009) s, pre and post PT respectively, p < 0.05), but was not altered by ST (p > 0.05). Downward CoM momentum at step lift-off also decreased by 32% in the 80% pre-load condition (11.11 (1.40) kgm/s (pre)-7.49 (1.23) kgm/s (post), p < 0.05) after PT, and increased after ST from 9.07 (1.78) kgm/s to 12.90 (1.49) kgm/s.
During the pre-step weight transfer phase, net hip AB torque (49%-61%, Fig. 3A ) and power (21%-54%, Fig. 3B ) were improved in the PT group in all pre-load conditions (p < 0.05). In contrast, ST group had decreased AB torque in the 50% BM pre-load by 23% and by 18% in the 65% BM pre-load condition (p < 0.05, Fig. 3A) . Similarly, AB power production was reduced after ST in the 50% BM pre-load condition (11%, p < 0.05, Fig. 3B ).
EMG data further indicated that PT resulted in significant increases in RActv in all limb load conditions for TFL (22%-50%) and ADD (39%-62%) (p < 0.05, Fig. 4A , B, C). Gmed RActv improved after PT for 50% BM (33%) and 80% BM (43%) conditions (p < 0.05, Fig. 4A,C) . In contrast, ST was associated with an observed decrease in ADD RActv at the 80% BM condition (p < 0.05, Fig. 4C ).
Discussion
The present study demonstrated that low-dose hip abductor-adductor power training is a viable and effective alternative to strength training for eliciting improvements in hip AB-AD neuromuscular performance during isolated maximal contractions and induced lateral stepping.
Hip AB-AD isometric maximal voluntary contractions
Similar to previous reports (Bottaro et al., 2007; Hakkinen et al., 1998; Nogueira et al., 2009; Reid et al., 2008) , this study's low-dose application of hip AB-AD PT increased hip AB-AD maximal isometric performance through improvements in peak torque, and an even greater increase in the rate of torque development and neuromuscular activation. While resistance power training has been shown to increase muscle hypertrophy and the proportion of type IIa myofibers (Hakkinen et al., 1998; Hakkinen et al., 2002) , the observed gains were likely due Data presented as Mean (SEM). ⁎ Significantly different from pre-training (p < 0.05).
to neural adaptation considering the relatively reduced duration and dosage of the low-dosage training approach. However, it is conceivable that some degree of muscular structural changes could also have contributed to the observed improvements in maximum muscle performance. Nonetheless, due to the emphasis on rapid speed of execution, PT increased the maximum RActv of the AB-AD musculature, a fundamental marker of neural drive (Aagaard et al., 2002; Farina et al., 2017) . This phenomenon results from adaptive changes in neuromuscular control in response to the high velocity requirements that were not elicited with slower velocity contractions performed during strength training (Fielding et al., 2002) . Increased neuromuscular rate of activation leads to improvements in maximum force and torque and is crucial for increasing the RFD/RTD and muscular power. Considering that impairments in muscle power generation have been associated with decreased mobility function and increased fall risk to a greater extent than muscle strength deficits (Bean et al., 2003; Foldvari et al., 2000; Skelton et al., 2002) , the present low-dose PT program appears to be an efficient and effective form of resistive exercise training for generally healthy community living older individuals. PT not only improved isolated maximum hip AB-AD muscle performance, but also enhanced neuromuscular control for improved balance recovery through protective stepping. The lack of improvements in maximum neuromuscular performance observed in the ST group is somewhat surprising, and is in contrast with the general findings for strength training programs (Aagaard et al., 2002; Lopes et al., 2016; RamirezCampillo et al., 2014; Suetta et al., 2004) . Conceivably, it is possible that due to the neuromuscular mechanisms of force production inherent to slow execution speeds, the ST group would require a greater training dosage than what was achieved with the low-dose training approach to improve maximal isometric neuromuscular performance.
Induced lateral stepping
For lateral protective stepping, the PT group increased the incidence of single lateral steps by almost 50% at the most challenging 80% BM pre-load weight bearing condition, with similar trends observed for the 50% BM and 65% BM conditions. It is unlikely that these improvements in lateral stepping performance were attributable to changes in step onset timing during the weight transfer phase, as the time to step lift-off was just slightly shorter in only one of the pre-load conditions. However, the downward CoM momentum at step lift-off was reduced with PT at the 80% BM condition and a similar trend for 50% pre-load. This reflected improved balance control during weight transfer that resulted in a reduced "downward fall" at the instant of step onset. Furthermore, the PT group produced greater hip AB torque, hip AB power and AB-AD RActv. Thus, it appeared that the improved hip AB-AD performance capacity associated with PT enhanced lateral stepping ability through increased hip AB-AD neuromuscular and biomechanical control during the weight transfer phase. These neuromotor improvements allowed for greater success in executing sidesteps as evidenced by the increased incidence of single lateral steps, an important marker of M-L balance stability and fall risk following lateral postural perturbations (Bair et al., 2016; Maki et al., 2000; Mille et al., 2005; Mille et al., 2013) .
During the weight transfer phase of lateral stepping, the ST group often demonstrated opposite effects to those of the PT group. ST had increased CoM downward momentum, and decreased hip ADD RActv, hip AB torque and power. Considering these decreases in neuromotor performance and the lack of improvements in maximum AB-AD neuromuscular capacity, the unaltered incidence of lateral steps with ST is not surprising. We speculate that ST involving slower, sub-maximum speeds of contractile force may have reinforced neuromuscular mechanisms of force production that conflicted with the high speed-high force requirement for power generation during the weight transfer, and possibly contributed to the decreased neuromuscular performance in the lateral balance recovery task. This possibility may support the proposal that strength training, at least with the low-dose approach, is less effective than power training at improving balance function through stepping in older adults.
Among the limitations of this study was the relatively small sample size that may have affected some of the statistical analyses. Although the majority of the main outcome variables had sufficient statistical power, some of the secondary measures, such as CoM momentum and weight transfer timing, did not achieve significance for all of the preload conditions despite improving trends, and potentially might have benefited from a larger sample size. Lastly, the allocation of individuals in the training groups initially followed a randomization scheme. However, due to logistical limitations related to participant recruitment and the timeline for completion of the study, the randomization schedule was broken after participant 9 (of 18). This could have introduced selection bias in the training groups and potentially affected the outcomes. Nonetheless, the participants were volunteers that became aware of the study through either public advertisement or the recruitment registry. Hence, the recruitment of participants was done without the study team's prior knowledge about those individuals (i.e. random extraction from the overall population), potentially minimizing the effects of selection bias.
In conclusion, a low-dose approach to muscle power training of the hip AB-AD musculature lasting about 15 min per training session was shown to be a viable and more effective alternative to strength training for enhancing maximal hip neuromuscular performance, and for improving the neuromotor control of pre-step weight transfer control during lateral balance recovery through protective stepping. Although, overall, ST did not result in significant improvements in isolated or balance-related neuromuscular or biomechanical performance, PT resulted in improved isolated maximal hip neuromotor performance needed to improve the recovery of lateral balance by using a single 
